Mechanical responses to one-and two-tone stimuli were recorded from the basilar membrane ͑BM͒ in the hook region of the guinea-pig cochlea. The most sensitive or ''best'' frequencies ͑BFs͒ for the sites studied were ϳ25-30 kHz. Two-tone suppression ͑2TS͒ of the responses to near BF probe tones was noted using suppressor tones either above or below the BF. Rates of growth of 2TS were highest ͑ϳ1 dB/dB͒ when the suppressor tones were presented below the BF. Below-BF suppression thresholds ͑the suppressor intensities causing ϳ10% reduction in the probe-evoked responses͒ corresponded to BM displacements of ϳ1-5 nm. Above-BF suppression thresholds corresponded to much smaller displacements at the location studied. Both above-and below-BF suppressor tones changed the phase of the probe tone responses in the same way that increases in the probe tone intensity did ͑they evoked small phase-lags for below-BF probes, and small phase-leads for near-and above-BF probes͒. Low-frequency suppressor tones ͑Ͻϳ7 kHz͒ evoked a frequency-and intensity-dependent mixture of phasic ͑ac͒ and tonic ͑dc͒ suppression. Peak ͑ac͒ suppression was observed around the times of peak BM displacement ͑not velocity͒. These findings are discussed in relation to those of other workers.
INTRODUCTION
The peripheral auditory system transduces airborne sounds into a robust and meaningful neural code ͑for an overview see Pickles, 1992͒ . Many of the mechanisms involved in the sound-transduction process perform nonlinear signal transformations, and some show a strong dependence on the frequency of the stimuli being processed ͑for review see Patuzzi and Robertson, 1988͒ . The combination of strong frequency-dependence and nonlinearity can lead to complex interactions in the system's response to many sounds. One such interaction is demonstrated in the phenomenon of twotone suppression ͑2TS͒-the responses evoked by one tone can be reduced quite substantially when a second tone is presented at the same time. Nonlinear interactions of this type are of potential importance in many areas of hearing research ͑e.g., in the peripheral encoding of speech stimulisee Sachs and Young, 1980 ; and in determining the masking effects of background noise-see Rhode et al., 1978͒. The most detailed studies of 2TS in the auditory periphery have been performed at the level of the cochlear nerve ͑originally by Sachs and Kiang, 1968 ; for more recent references see Delgutte, 1990͒ . However, 2TS has also been observed in the electrical responses of individual inner and outer hair cells ͑Sellick and Russell, 1979; Cheatham and Dallos, 1989 , 1990 , 1992 Russell and Kössl, 1992; Nuttall and Dolan, 1993͒ , and in a limited number of cochlear mechanical studies ͑Rhode and Robles, 1974; Rhode, 1977; Patuzzi et al., 1984; Robles et al., 1989; Ruggero et al., 1992; Nuttall and Dolan, 1993; Rhode and Cooper, 1993; Cooper and Rhode, 1995͒ . These observations ͑combined with others͒ have led some researchers to the view that many ͑if not all͒ of the frequency specific nonlinearities of the peripheral auditory system originate in the mechanics of the cochlear partition ͑see Ruggero, 1992 for review͒.
The present study provides further data relating to the 2TS which occurs in cochlear mechanics. The major goal is to clarify two discrepancies in the existing literature on basilar membrane ͑BM͒ 2TS, and hence to further our understanding of the cochlea in general.
The first discrepancy concerns the changes in response phase which occur when suppressor tones are presented above and below a preparation's best frequency ͑BF; the most sensitive frequency for a particular location on the BM͒. Nuttall and Dolan ͑1993͒ reported that below-BF suppressors induced phase leads in the BM's response to a near-BF probe tone, while above-BF suppressors induced phase lags. Robles et al. ͑1989͒ and Ruggero et al. ͑1992͒ also reported small phase-lags at the BF when using above-BF suppressors. In contrast, Rhode and Cooper ͑1993͒ reported both above-and below-BF suppressors to induce phase leads ͑Ruggero et al., 1992, also reported phase leads to occur in a few experiments, but only for above-BF suppressors of above-BF tones͒. Most of the probe tones used in the experiments performed to date have been presented at a frequency ͑nominally referred to as the BF͒ where an increase in the intensity of the probe-tone ͑alone͒ would have led to a slight increase in the phase lead of the responses. Hence, as pointed out by Nuttall and Dolan ͑1993͒, if the effect of the various suppressor tones was simply to reduce the apparent intensity of the BF tones, then the only phase changes that should occur ͑at the BF͒ should be small phase lags ͑as seen by both Robles et al. and Nuttall and Dolan using above-BF suppressors͒. If the suppression was really due to a mechanism which ''turned down the gain'' of the cochlea, however ͑e.g., as happens when the intensity of a BF tone is increased-not decreased͒, then small phase leads might be expected at the preparation's BF ͑as reported by Rhode and Cooper, 1993 ; the reasoning behind this statement is expanded in Sec. III B͒. The present report provides further evidence that small phase leads do accompany the 2TS caused by either above-or below-BF tones ͑at least when the probe tone is sufficiently close to the preparation's BF͒. It also provides an explicit demonstration that these phase changes are consistent ͑both qualitatively and, to a large extent, quantitatively͒ with those which accompany appropriate increases in the intensity of the probe tones ͑either below-, near-, or above-BF͒.
The second discrepancy in the existing literature relates to the question of whether the displacements or the velocities of the mechanical responses to a suppressive stimulus provide the most effective cues for 2TS on the BM. Both Patuzzi et al. ͑1984 , in the guinea-pig͒ and Rhode and Cooper ͑1993, in the cat͒ have reported that the 2TS caused by low-frequency ''bias'' tones is maximal when the BM undergoes its maximal displacements towards the scala tympani. Ruggero et al. ͑1992 , in the chinchilla͒, on the other hand, have reported that the mechanical 2TS is maximal when the BM's velocity towards the scala vestibuli is highest. Ruggero et al. ͑1992͒ also noted that the below-BF suppression thresholds corresponded to an almost constant BM velocity ͑ϳ66 m/s͒, while Rhode and Cooper ͑1993, Figs. 3-4͒ implied that the thresholds might correspond more closely to a constant BM displacement. The present report provides further evidence that the displacements of the BM provide the most effective cues for mechanical 2TS ͑at least in the guinea pig͒. A plausible explanation for the earlier findings of Ruggero et al. ͑1992͒ is also presented.
I. METHODS
Full details of most of the methods are given elsewhere ͑Cooper and Rhode, 1992͒. Only a brief outline is given here, along with details of any modifications.
BM and middle-ear ͑incudo-stapedial͒ vibrations were recorded from 12 guinea pigs ͑2 albino and 4 pigmented animals from an on-site colony, and 6 pigmented ͑strain-13͒ animals from Harlan-Sprague-Dawley; weights ranged from 275-900 g͒. The animals were anesthetized using a combination of pentobarbital sodium ͑25 mg/kg͒ and Innovar-Vet ͑0.4 ml/kg͒ and were overdosed with pentobarbital on completion of the experiments. The care and use of the animals reported in this study were approved by the Animal Care and Use Committee of the University of Wisconsin-Madison.
Stimuli were presented close-field from a reverse-driven condenser microphone cartridge ͑Brüel & Kj,r type 4134 with square-root precompensation͒. Sound-pressure levels were monitored within 2 mm of the tympanic membrane using a probe tube microphone. The physiological condition of the cochlea was monitored via compound action potential ͑CAP͒ recordings from the round-window niche ͑see Johnstone et al., 1979͒ . CAP audiograms ͑2-34 kHz in 2-4-kHz steps; 6-to 10-ms tone pips, 1-ms rise and fall times͒ were estimated manually using oscilloscope recordings, and CAP input-output functions were derived at selected frequencies ͑e.g., 10, 20, 26, and 30 kHz͒ using computer averaging techniques. CAP thresholds were defined when N 1 amplitudes were ϳ5 V. For the tones of most importance in this study ͑25-30 kHz͒, the CAP thresholds ranged from ϳ30 to 50 dB SPL before the BM was exposed. The thresholds increased by between ϳ0 and 40 dB ͑to range from ϳ30 to 80 dB SPL͒ by the time that the BM recordings were made.
The BM was exposed in the hook region of the cochlea, after making a small slit in the round window membrane. Mechanical responses were monitored using a displacementsensitive heterodyne laser interferometer ͑as described by Cooper and Rhode, 1992͒ . Small glass beads ͑20-30 m diameter; MoSci Corp., IA͒ were used to reflect the laser beam from the BM. Ossicular vibrations were measured near to the tip of the long process of the incus ͑occasionally on the incudal footplate, occasionally on the stapes͒.
The displacement recording system ͑but not the interferometer͒ was considerably different from that described by Cooper and Rhode ͑1992͒. The interferometer's phasedifference signal was analyzed by two identical single-cycle phase-meters ͑50-kHz low-pass filtered, edge-set, edge-reset flip-flops͒ working in antiphase. The phase-meter's outputs were digitized at a rate of 250 kHz using a 16-bit analog-todigital converter, and the phase-unwrapping process ͑which is equivalent to displacement-decoding͒ was performed by software. These modifications reduced the noise-floor of the recording system to ϳ5 pm/ͱHz.
One potentially important limitation to the interferometric measurement technique is that it cannot distinguish between movements of the BM ͑in one direction͒ and movements of the overlying air/fluid ͑perilymph͒ interface ͑in the other direction͒. Either of these movements could cause a similar change in the optical path length that is really being monitored by the interferometer ͑see p. 176 of Cooper and Rhode, 1992͒ . Various attempts were therefore made to minimize the movements of the air/fluid interface in this study. In one experiment, the air/fluid interface was removed altogether by draining the scala tympani to such an extent that the glass beads on the BM protruded directly into the air. In eight other experiments, a tiny glass coverslip ͑ϳ0.5 mm 2 ͒ was placed on the bony shell of the cochlea such that it extended over the round window region ͑approximately parallel to, and directly above the exposed portion of the BM͒. In four of these experiments, the coverslip provided a stable air/glass/fluid interface and permitted unambiguous recordings of the underlying BM's motion. The coverslips had to be removed in the other four experiments, however, since their presence ͑or the presence of the blood which collected beneath them͒ prevented the BM from being imaged clearly. The data from these four experiments, as well as those from three other experiments where no attempt was made to stabilize the air/fluid interface, were interpreted with great caution. Excitatory responses were only interpreted as originating from the BM if they satisfied one of two conditions: If the responses were evoked by high-frequency tones ͑Ͼ10 kHz͒, their amplitudes had to exceed those of the incudostapedial complex by 10 dB or more; and if they were evoked by low-frequency tones ͑р10 kHz͒, their phases had to lead those of the incudo-stapedial complex by ϳ0.25 cycles. These criteria were developed from observations made in separate experiments where the air/fluid interface was well controlled.
BM and incudo-stapedial tuning and/or input-output functions were determined using short tone-pips ͑30-ms duration including 1-ms rise and fall times͒. Near best frequency ͑BFϷ25-30 kHz͒ ''probe'' tone-pips were then presented at an intensity within ϳ10-15 dB of neural threshold ͑as determined from the CAP audiogram͒ while the frequency and intensity of a second ͑simultaneously presented͒ short tone-pip were varied. Probe tones at other frequencies and/or other intensities, or variable intensity probe tones with fixed intensity suppressors, were also used if sufficient time was available. In most experiments, the duration of the BF probe tones was 45 ms ͑including 1-ms rise and fall times͒ while that of the second tone was 30 ms ͑following a 10-ms delay͒. In four early experiments, however, probe tone durations were 30 ms, and suppressors were either 20-or 30-ms long ͑with delays of 5 or 0 ms, respectively͒. Stimulus repetition periods were 100-ms in all cases.
The digitized responses were analyzed in various ways on completion of the recording process. The amplitudes and phases of the response components locked to both the probe and suppressor tone frequencies were evaluated by fitting sinusoidal waveforms to the steady-state periods of the twotone responses ͑between 2 ms after the onset of the suppressor and 1 ms before the end of the suppressor͒. In most experiments, control ͑i.e., unsuppressed͒ amplitudes and phases were evaluated from the steady-state responses to the probe tone in the 4-or 8-ms long periods directly preceding the onset of the suppressor tones. The individual control responses were used to evaluate both the amplitude reductions and phase changes caused by the suppressor tones.
Temporal aspects of the suppression accompanying lowfrequency ͑0.1 to ϳ4.0 kHz͒ ''bias'' tones were investigated by analysis of the data in ''filtered periodogram'' form. Individual response waveforms were first filtered ͑to remove either the probe or the suppressor component of the response, as appropriate͒, then windowed ͑to retain only the steady-state portion of the response͒, and finally folded ͑/wrapped͒ around the period of the suppressor tone. Points of maximal 2TS were identified by eye ͑see long arrows in Fig. 7͒ .
II. RESULTS

A. Basic observations
For the purposes of this study, 2TS was defined as a reduction in the magnitude of the response component locked to the frequency of a ͑near BF͒ probe tone during the presentation of a second tone ͑the suppressor͒. Using this definition, 1 2TS was observed on the BM in all 12 experiments, despite large variability in the sensitivities of the cochleae involved ͑e.g., see Fig. 3͒ . No suppression was observed in control measurements made ͑1͒ from the incudostapedial complex, ͑2͒ on the slit edge of the round window membrane directly above the BM, or ͑3͒ in postmortem preparations.
FIG. 1. Dependence of 2TS on the frequency and intensity of the suppressor tone. ͑a͒ Amplitude and ͑b͒ phase changes in the responses to a near-BF probe tone ͑26 kHz, 56 dB SPL͒ in the presence of various suppressor tones ͑0.5-32 kHz; see header͒. The suppressor intensities needed to cause ϳ1 dB of suppression ͑i.e., the suppression thresholds͒ are indicated by vertical arrows in ͑a͒. The magnitudes and phases of the responses at the frequency of the suppressor tones are shown in ͑c͒ and ͑d͒, respectively. The displacements evoked by the various threshold-level suppressors are indicated by horizontal arrows in ͑c͒. An input-output function for the probe-alone condition is also shown ͑three-stroked crosses in ͑c͒ and ͑d͒; the probe tone used for the 2TS experiments is indicated by the large ϫ͒. In ͑d͒, the response phases are expressed relative to their values at ϳ60 dB SPL ͓positive changes indicate phase leads in both ͑b͒ and ͑d͔͒. The recording site was near the center of the BM ͑GP150, bm4; responses averaged 32-64ϫ͒. CAP threshold for near-BF tones was ϳ45 dB SPL. Figure 1 illustrates the dependence of one BM's response to a constant intensity probe tone on the frequency and intensity of a suppressor tone. The changes in the magnitudes ͑a͒ and phases ͑b͒ of the response components phaselocked to the probe tone ͑26 kHz, 56 dB SPL͒ are shown as a function of suppressor intensity for three below-BF and three above-BF suppressor tones ͑filled and open symbols, respectively͒. The suppressor tone intensities at which the probe responses are reduced by ϳ10% ͑1 dB͒ are indicated by the arrows and symbols at the top of Fig. 1͑a͒ . These suppression ''thresholds'' vary systematically with the frequency of the suppressor, as will be described in Sec. II C. The rate at which the suppression grows with the intensity of the suppressor also varies with frequency. The below-BF suppressors ͑filled symbols͒ cause ϳ1-dB increase in suppression for every dB increase in intensity, whereas the above-BF suppressors ͑open symbols͒ cause ϳ0.5 dB/dB ͑decreasing progressively as the suppressor increases in frequency͒. Slightly lower growth rates were observed ͑for both above and below BF suppressors͒ when higher intensities of probe tone stimulation were used ͑not illustrated͒.
All of the suppressor tones shown in Fig. 1 cause small phase leads to accumulate in the probe tone responses ͓Fig. 1͑b͔͒. The amount of phase-lead accumulated varies in close proportion to the suppression magnitude ͑this finding is expanded in Sec. II D; see Fig. 5͒ . The three-stroked crosses in Figs. 1͑d͒ and 5 illustrate that similar phase leads could also be evoked by increasing the intensity of the probe tone ͑in the absence of a suppressor͒. These issues are dealt with more extensively in Sec. II D. Figure 1͑c͒ and ͑d͒ shows the magnitudes and phases, respectively, of the response components phase-locked to the suppressor tones used in Fig. 1͑a͒ and ͑b͒. Input-output functions for the responses to a near-BF tone alone are also shown for reference ͑three-stroked crosses; the probe tone used in Fig. 1͑a͒ and ͑b͒ is indicated by the large ϫ͒. The magnitudes of the responses to the suppressor tones at the various suppression thresholds ͓as defined in Fig. 1͑a͔͒ are indicated by the arrow/symbol combinations to the right of Fig. 1͑c͒ . For the below-BF suppressor tones ͑filled symbols͒, the thresholds correspond to an almost constant suppressor-induced displacement ͑2.3 nm at 500 Hz, 3.1 nm at 1 kHz, and 1.5 nm at 20 kHz; cf. the 2.3-nm displacements evoked by the 26-kHz probe tone alone at 56 dB SPL͒. The displacements which correspond to the suppression thresholds for the above-BF suppressor tones ͑open symbols͒ are much smaller, and decrease rapidly with increasing frequency ͑1.0 nm at 28 kHz, 0.5 nm at 30 kHz, and 0.1 nm at 32 kHz͒. The BM velocities evoked by the threshold-level suppressors are much more variable than the displacements, particularly below the BF ͑the velocities range from ϳ7 m/s at 500 Hz to 190 m/s at 20 kHz and 16 m/s at 32 kHz͒.
B. Displacement sensitivity
In order to illustrate the dependence of the mechanical 2TS on the displacements of the BM more directly, some of the data from Fig. 1 have been transformed and replotted in Fig. 2 , along with additional data from the same experiment.
All of the below-BF suppressor tones ͑250 Hz-24 kHz͒ begin to suppress the probe tone responses when they evoke a BM displacement of ϳ1-4 nm ͑0-12 dB re: 1 nm͒. Above these thresholds, the below-BF suppressor tones reduce the probe tone responses in close proportion to the BM displacement that they cause ͑i.e., the suppression growth rates are ϳ1 dB per dB increase in the low-frequency BM displacement͒. Once the frequency of the suppressor tone increases above the preparation's BF, the probe tone responses can be suppressed by much smaller displacements of the BM, but they decrease by less than 1 dB per dB increase in displacement ͑particularly when the suppressor tones are well above the BF-see the 34-kHz data in Fig. 2͒ .
The dashed line in Fig. 2 represents the boundary which equates the overall displacements of the BM at the location studied ͑i.e., the sum of the displacements locked to the probe and suppressor tone frequencies͒ with the displacement evoked by the probe tone alone ͑in the absence of any suppression͒. Almost all of the data in Fig. 2 lie above and to the right of this line. This indicates that the overall two-tone displacements exceeded those caused by the probe tone alone. Only suppressor tones which were well above the preparation's BF reduced the overall displacements of the BM ͑see the 32-and 34-kHz data in Fig. 2͒ . Overall reductions in the BM's displacement were never observed using below-BF suppressor tones. Figure 3 illustrates the relationship between the thresholds for 2TS ͓as defined in Sec. II A, cf. Fig. 1͑a͔͒ and the suppressor tone frequency for all of the experiments in this study. Within individual experiments, the suppression thresholds ͑open symbols͒ tend to increase slightly with in-FIG. 2. Dependence of 2TS on suppressor tone displacement. The response displacements locked to the frequency of a near-BF probe tone ͑26 kHz, 56 dB SPL͒ are shown as a function of the displacements locked to the frequencies of various suppressor tones. Suppressor frequencies are indicated ͑in kHz͒ for each dataset. These data are a superset of those illustrated in Fig. 1 . The dashed line indicates the boundary between regions where the sum of the displacements locked to the probe and suppressor tones is less than ͑below and to the left of the boundary͒ or more than ͑above and to the right of the boundary͒ the displacement caused by the probe-tone alone ͑in the absence of any suppressor tones͒. ͑GP150, bm4; responses averaged 32-64ϫ͒.
C. Suppression thresholds
creasing intensities of probe tone stimulation ͑filled symbols͒, regardless of the suppressor tone frequency ͓e.g., see Fig. 3͑e͔͒ . This variation might be expected to produce considerable spread in the suppression thresholds observed in different experiments, as the probe tone intensities varied by more than 50-dB across experiments ͑the probe tones were selected according to each animal's CAP threshold for BF stimuli͒. However, remarkably little variation in the 2TS thresholds is actually observed, particularly at low frequencies. In all but two experiments ͑GPs 108 and 110, which also happen to be the least sensitive preparations͒, most of the sub-10-kHz thresholds lie between 80 and 90 dB SPL. The suppression thresholds for the above-BF suppressor tones, as well as those for many of the just below-BF ͑e.g., 10-25 kHz͒ suppressor tones, vary more widely. In most cases, these high-frequency suppression thresholds seem closely related to the ''excitatory'' single-tone iso-displacement contours ͑solid lines in Fig. 3͒ ; they show a sharp minimum around the location's BF ͑usually slightly above it͒, and increase dramatically as the frequency increases beyond ϳ30 kHz. In five out of the ten cases where above-BF suppressors were used, the minimum suppression threshold is actually lower than the corresponding probe tone intensity by ϳ5-10 dB ͓one example is indicated by the arrows in Fig. 3͑d͔͒ .
The solid lines in Fig. 3 illustrate iso-displacement contours for all of the experiments in this study ͑as described in the legend of Fig. 3 , the displacement criterion used varies considerably across experiments͒. By comparing these data with the 2TS thresholds ͑open symbols in Fig. 3͒ , it is possible to generalize some of the observations made earlier with respect to Figs. 1 and 2. In particular, it is possible to FIG. 3 . 2TS thresholds and single-tone iso-displacement tuning curves in 12 experiments. The open symbols illustrate the frequencies and intensities of suppressor stimulation needed to suppress the responses to various near-BF probe tones ͑filled symbols͒ by ϳ10% ͑1 dB͒. For comparison, the solid lines show the intensities of a single tone needed to evoke a constant amplitude of vibration at the BM site studied. The amplitude criterion varies considerably across experiments: In most cases it was chosen to equal the displacement which corresponded to the CAP thresholds at the BM's BF. In GP108 ͑a͒, however, no CAP thresholds were determined ͑due to technical problems͒, so the criterion was arbitrarily set to 1 nm ͑as appropriate for the center-of-BM recording site-see below͒. Meaningful CAP thresholds could not be determined at the time of the mechanical recordings in GP142 ͑h͒ either, as the scala tympani was drained of perilymph in this experiment. An arbitrary criterion of 1.4 nm was hence set here ͑this is a relatively high criterion for the inner ͑limbal͒ edge of BM site studied, and was chosen only to match the below-BF 2TS data͒. In GP138 ͑f͒, insufficient single-tone data were collected before the CAP thresholds deteriorated by ϳ20 dB-the single-tone isodisplacement contour in ͑f͒ is therefore not directly comparable to the two-tone data. The amplitude criteria for the remaining experiments were either 1 nm ͑for the center-of-BM recording sites in GPs110, 144, and 145͒, 0.5 nm ͑for GPs132, 138, and 150͒, 0.14 nm ͑GP134͒, or 0.1 nm ͑for the edge-of-BM recording sites in GPs133, 139, and 143͒. estimate the BM displacements which correspond to the various 2TS thresholds ͑particularly for the below-BF suppressor tones, whose input-output relationships were linear͒.
Most of the below-BF data in Fig. 3 indicate that the 2TS thresholds correspond to a center-of-BM displacement of between ϳ1 and 5 nm ͑ϳ1 nm in GPs 132, 133, 134, 143, and 144; ϳ2 nm in GPs 145 and 150; and ϳ3-5 nm in GPs 108 and 110; insufficient data are available for comparison in GPs 138 and 139͒. If it is assumed that the edge-of-BM location that was studied in the ''drained scala tympani'' experiment ͑GP142͒ is ϳ10ϫ less sensitive than the centerof-BM location ͑as is assumed and observed in other preparations͒, then the GP142 data would imply a threshold displacement of ϳ14 nm. In all five cases where the isodisplacement contours extend below ϳ7 kHz ͑i.e., where the low-frequency excitation data are reliable, as explained in Sec. I͒, the threshold displacements appear stable ͓i.e., the difference between the suppression thresholds ͑open symbols͒ and the isodisplacement contours ͑solid lines͒ is constant͔ over a wide frequency range.
The generality of the finding that the BM displacements evoked by above-BF suppressors are much lower than those evoked by below-BF suppressors ͑at least at the location studied͒ is also illustrated in Fig. 3 . Most of the above-BF suppression thresholds ͑open symbols͒ fall on or below the isodisplacement contours ͑solid lines͒, whereas most of the below-BF suppression thresholds fall well above these contours. Since the above-BF responses were usually highly nonlinear, and often fell below the noise-floor of the recording system at the 2TS thresholds, it is not meaningful to give an average threshold-level displacement for the above-BF data.
D. Phase changes
As shown in Figs. 1͑b͒ and 4, both above-and below-BF suppressor tones evoked similar changes in the phases of a probe tone response. In most experiments ͑where the probe tones were placed less than 1 kHz from the BF͒, these changes involved the accumulation of a small phase lead ͓Ͻ0.1 cycles; see Fig. 1͑b͔͒ . However, much larger phase leads ͑up to 0.3 cycles͒ could accumulate when the responses to slightly ͑e.g., 2-4 kHz͒ higher than BF probe tones were suppressed, and small phase lags ͑Ͻ0.1 cycles͒ could accumulate during the suppression of slightly ͑e.g., 4-6 kHz͒ below-BF probe tones ͑see Fig. 4͒ . In two experiments, small phase lags ͑ϳ0.05 cycles͒ were consistently observed when below-BF probe tones were used, even though the amplitudes of the probe responses were changed by less than 1 dB ͑i.e., when there was little or no 2TS, when 2TS is as defined in Sec. II A͒.
In most experiments, the phase changes which occurred during 2TS were very similar to those which occurred when the intensities of the probe tones were increased ͑in the absence of any suppressor tones͒ by an amount which caused an appropriate decrease in the BM's response sensitivity. The agreement between these two sets of data is reasonably good, and is representative of those observed in other experiments ͑using all possible combinations of probe and suppressor tone frequencies͒. Figure 6 illustrates the time-course of one BM's response to two two-tone stimuli. Each stimulus consists of a FIG. 4 . Dependence of 2TS on probe tone frequency. ͑a͒ Amplitude and ͑b͒ phase changes in the responses to probe tones either below ͑22 kHz, 73 dB SPL; squares͒, near ͑26 kHz, 63 dB SPL; triangles͒, or above ͑28 kHz, 69 dB SPL; circles͒ the preparation's BF ͑Ϸ25 kHz͒. Both below and above BF suppressor tones were used ͑filled and open symbols, respectively͒. ͑GP145 bm1; responses averaged 16ϫ͒.
E. Temporal aspects of two-tone suppression
FIG. 5. Phase changes accompanying either 2TS by above-and below-BF tones
͑dashed lines with open and filled circles, respectively͒ or increases in the intensity of a near-BF probe-tone ͑solid line and three-stroked crosses͒. In either case, the phase changes are plotted with respect to the decreases in the BM's sensitivity at the frequency of the probe tone ͑26 kHz͒. The frequencies of the suppressor tones for some of the data are labeled ͑in kHz͒. Data for all of the suppressor tones used in Fig. 2 ͑0 .25-34 kHz͒ are actually plotted. ͑GP150, bm4; responses averaged 32-64ϫ͒.
45-ms-long constant intensity probe tone at a frequency near the preparation's BF, with a 30-ms-long suppressor tone superimposed after a delay of 10 ms. The frequency of the suppressor tone is well below the BF in Fig. 6͑a͒ -͑c͒, and well above the BF in Fig. 6͑d͒ -͑f͒. The intensities of the suppressor tones were selected to produce ϳ6 dB suppression of the probe tone responses. The overall responses to the two two-tone stimuli are shown in the top row of the figure ͓panels ͑a͒ and ͑d͔͒. The middle and lowermost rows ͓panels ͑b͒-͑c͒ and ͑e͒-͑f͔͒ show the same two responses after bandpass filtering around the frequency of the probe or suppressor tones, respectively. These data illustrate the remarkable stability of the 2TS effect in the time domain ͓the periodic modulations in the probe tone responses shown in Fig. 6͑b͒ will be described below͔. The data also show that the suppressive effects of both the below-and above-BF suppressor tones occur almost simultaneously with the excitatory effects ͑at least when viewed on a multi-millisecond time scale͒. Periods of suppression extending well beyond the periods of the suppressor tones themselves ͑as reported by others in the cochlear nerve-e.g., Hill and Geisler, 1992͒ were not seen on the BM. Slight mismatches ͑lasting no longer than 1 ms͒ between the time-courses of excitation and suppression were occasionally observed, but only for a restricted set of ͑high-intensity, high-frequency͒ suppressor tones.
In order to ascertain just how quickly the responses to a near-BF probe tone could be suppressed ͑or modulated͒ by a suppressor tone, the phasic characteristics of low frequency 2TS ͓as described in the Introduction, and illustrated in the data of Fig. 6͑b͔͒ were studied in some detail. Unfortunately, the technical difficulties that prevented reliable recordings of the excitatory BM responses at low frequencies ͑in most experiments, as described in Sec. I͒ also prevented the phases of maximum suppression from being related directly to the low-frequency responses in most experiments. In order to obtain a reliable reference for the phases of maximum suppression then, comparisons were made to the incudostapedial vibrations caused by the low-frequency ͑bias͒ tones. In theory ͑e.g., Flanagan, as cited by Zwislocki, 1980͒ , the vibrations of the BM should lead those of the incudostapedial complex by ϳ0.25 cycles ͑90°͒ at low frequencies. In other words, the BM should be maximally displaced toward the scala tympani when the stapes is moving into the cochlea with its maximal velocity. This expectation was confirmed by direct observations in all five experiments where the air/fluid interface problem was overcome ͑see Sec. I͒. Figure 7 illustrates some of the temporal features revealed when the response to a near-BF probe tone is suppressed by a low-frequency bias ͑/suppressor͒ tone. At intensities very close to the suppression thresholds, the probe tone responses are only suppressed over one portion of the suppressor tone's period ͓Fig. 7͑c͒, ͑f͒, and ͑i͔͒. This portion corresponds ͑approximately͒ to the time when the stapes is being pushed into the cochlea with maximal velocity ͑i.e., when the BM is maximally displaced toward the scala tympani-see above͒. At intensities slightly higher ͑ϳ6 dB͒ than the suppression thresholds ͓Fig. 7͑b͒, ͑e͒, and ͑h͒; also Fig. 6͑b͔͒ , the probe tone responses during the same portions of the suppressor tone's period are suppressed further ͑long arrows in Fig. 7͒ , and a second phase of suppression becomes evident approximately 0.5 cycles distant from the first ͓at least at low frequencies; see short arrows in Fig. 7͑b͒ and ͑e͔͒. What happens in between these two periods of suppression depends on the frequency of the suppressor. For the lowest frequencies studied ͑500 Hz in Fig. 7͒ , the probe tone responses recover fully; they may even exceed their unsuppressed magnitudes by a small amount ͓ϳ5% in Fig. 7͑b͔͒ . As the frequency of the suppressor tone increases ͓e.g., Fig.  7͑e͒ , ͑h͔͒, however, the probe tone responses seem to have more and more difficulty in returning to their unsuppressed levels. This difficulty becomes even more pronounced at higher intensities ͓Fig. 7͑a͒, ͑d͒, and ͑g͔͒.
Phasic ͑i.e., ac͒ modulations of the probe tone responses by suppressor tones at near threshold intensities were observed at frequencies as high as 7 kHz in some experiments ͑not illustrated; at such frequencies, it becomes increasingly difficult to analyze the responses in a meaningful way, since the modulated responses to the probe tones and the responses at the frequency of the suppressor ͑and its harmonics͒ start to impinge on one another in the frequency domain͒. The phase relationships between the periods of maximum suppression and the incudo-stapedial responses in ten 3 experiments are summarized in Fig. 8 .
In all but three of the experiments shown in Fig. 8 , the phases of maximum suppression lead the maximal inward displacements of the incudo-stapedial complex by around FIG. 6 . Overall time-course of response to two two-tone stimuli, demonstrating the high speed and temporal stability of mechanical two-tone suppression. In ͑a͒-͑c͒, the stimulus consisted of a 56 dB SPL 26 kHz probe tone and an 86 dB SPL 500 Hz suppressor ͑responses averaged 32ϫ͒. In ͑d͒-͑f͒, the same probe tone was presented with a 76 dB SPL 32-kHz suppressor ͑responses averaged 256ϫ͒. The overall responses shown in ͑a͒ and ͑d͒ have been high-pass filtered to remove most of the baseline noise ͑eighth-order elliptical filtering with Ϫ3 dB point at 200 Hz͒. The same responses have then been filtered further ͓͑b͒, ͑c͒, and ͑e͒, ͑f͔͒ to reveal the response components locked to the individual probe and suppressor tone frequencies ͑using eighth order elliptical filters with Ϫ3 dB passbands of 23-29 kHz ͓͑b͒ and ͑e͔͒ 200 Hz-8 kHz ͑c͒, and 29-35 kHz ͑f͒. Displacements toward scala tympani are plotted upward in all panels ͑GP150 bm4͒. 0.25 cycles. 4 The most suppressive influence of the lowfrequency tones in these experiments hence appears to be exerted by the displacements of the BM toward the scala tympani ͑see theory on p. 17; this conclusion was confirmed by direct observation in GPs 108, 133, and 142͒. The most suppressive attribute in two other experiments ͑GPs 110 and 150͒ was displacement toward the scala vestibuli ͑at least within 6 dB of the suppression thresholds͒. In the remaining experiment ͑GP 145͒, displacements towards either scala seemed equally effective at 1 kHz, while displacements toward the scala tympani were slightly more effective at higher frequencies ͑2 and 3.25 kHz͒.
III. DISCUSSION
This report extends previous reports of 2TS in the mammalian cochlea in several ways. ͑1͒ It provides evidence that below-BF suppressor tones suppress the responses to BF probe tones at a greater rate than do above-BF suppressors, even when the different growth rates of the excitatory responses to the suppressor tones are taken into account. Different growth rates for the suppression caused by above-and below-BF tones have previously been demonstrated in the first turn of chinchilla ͑Ruggero et al., 1992͒ and guinea pig ͑Nuttall and Dolan, 1993͒ cochleae, and in the hook region of the cochlea in four cats and one guinea pig ͑Rhode and Cooper, 1993͒. Various electrophysiological studies suggest that similar relationships between the above-and below-BF suppressors exist throughout the cochlea ͑e.g., Abbas and Sachs, 1976; Delgutte, 1990͒ . ͑2͒ It provides substantial evidence that the low-frequency FIG. 7 . Variations in the fine temporal pattern of 2TS with the frequency and intensity of a suppressor tone. Filtered periodograms ͓͑a͒-͑i͔͒ were derived from the responses to a constant BF probe tone ͑28 kHz, 53 dB SPL͒ in the presence of various suppressor tones ͑as labeled͒. Each averaged ͑32ϫ͒ response was bandpass filtered ͑using an eighth-order elliptical filter with a Ϫ3 dB passband of 20-36 kHz͒, windowed rectangularly over its steady-state period ͑12-29 ms PST͒, and folded ͑/wrapped͒ in time with respect to the incudo-stapedial vibrations caused by the suppressor tone alone. Maximal inward displacements of the incudo-stapedial complex occur at either end of each abscissa ͑maximal inward velocities hence coincide with the third tick mark on each abscissa͒. BM displacements toward scala tympani are plotted upward. The single-period waveforms shown to the right of each periodogram show the control ͑unsuppressed͒ BM displacements caused by the probe tones ͑alone͒, as averaged over the 8-ms period directly preceding the onset of the suppressor tones. The arrows in ͑b͒, ͑e͒, and ͑h͒ are referred to in the text. The recording site was near the center of the BM ͑GP144 bm1͒.
FIG. 8. Phase-relationships between 2TS and incudo-stapedial vibrations in ten experiments. The phases of maximum response suppression caused by each near-threshold sub-4-kHz suppressor tone ͑e.g., as indicated by the long arrows in Fig. 7͒ are shown with respect to the inward displacements of the incudo-stapedial complex. Assuming that the BM motion leads the incudo-stapedial vibrations by 0.25 cycles at low frequencies ͑see text͒, the BM should be maximally biased ͑i.e., displaced͒ toward the scala tympani at times which correspond to a phase-lead of 0.25 cycles.
thresholds for mechanical 2TS correspond to a constant BM displacement of ϳ1-5 nm. A similar correspondence has previously been suggested in various electrophysiological and theoretical studies ͑e.g., see Patuzzi et al., 1989͒. However, Ruggero et al. ͑1992͒ have reported a much closer association between BM velocity and 2TS thresholds ͑at least at low frequencies͒. One potential explanation for this discrepancy will be discussed in Sec. III B. ͑3͒ It provides evidence that the above-and below-BF thresholds for mechanical 2TS do not correspond to the same response criterion at the particular BM location studied. Threshold level suppressors cause much less displacement of the BM at the BF ͑probe͒ site when they are placed above-BF than when they are placed below-BF. This finding is consistent with a suggestion made in various mechanical, electrophysiological and theoretical studies, namely that the site responsible for 2TS ͑and various other manifestations of the cochlea's nonlinearity͒ is located basally to the most sensitive ͑i.e., BF͒ site ͑e.g., see Geisler et al., 1990͒ . ͑4͒ It provides evidence that the BM's suppression thresholds are tuned in much the same way as its excitation thresholds. This has been suggested in two previous studies of cochlear mechanics ͑Ruggero et al., 1992; and Rhode and Cooper, 1993͒ , although the nature of the excitation thresholds differed between these studies ͑Ruggero et al. considered velocity tuning, while Rhode and Cooper considered displacement tuning͒. Similarities between the excitatory and suppressive tuning of the cochlea are routinely reported in electrophysiological studies of 2TS ͑e.g., Sachs and Kiang, 1968; Sellick and Russell, 1979; Schmiedt, 1982; Geisler et al., 1990͒ . However, the exact relationship between the mechanical and electrophysiological data remains a matter of concern, as discussed below ͑Sec. III A͒. ͑5͒ It provides evidence that both below-and above-BF suppressor tones cause slight phase-leads in the responses to BF probe tones. This has previously been demonstrated in the hook regions of both cat and guinea pig cochleae ͑Rhode and Cooper, 1993͒. Phase leads have also been observed during the suppression of above-BF probes by above-BF suppressors in the first turn of the chinchilla cochlea ͑Ruggero et al., 1992͒. However, these findings contrast with others made in the first turn of both chinchilla ͑Robles et Ruggero et al., 1992͒ and guinea pig ͑Nuttall and Dolan, 1993͒ cochleae. They also appear inconsistent with many electrophysiological data ͑e.g., Cheatham and Dallos, 1989 , 1990 , 1992 Deng and Geisler, 1985; Nuttall and Dolan, 1993͒. This issue is discussed further below. ͑6͒ It provides further evidence that the most suppressive influence in a response to a low frequency bias ͑/suppressor͒ tone is exerted by the displacements of the BM. This has previously been demonstrated using very low frequency ͑30-320 Hz͒ bias tones in the first turn of the guinea-pig cochlea ͑Patuzzi et al., 1984͒, and using a 1-kHz bias tone in the hook region of one cat cochlea ͑Rhode and Cooper, 1993͒. These findings contrast strongly with other data from the first turn of the chinchilla cochlea ͑Ruggero et al., 1992͒, however, and possible reasons for this will be discussed below ͑Sec. III B͒.
A. Mechanical and neural suppression-some unresolved issues
Previous reports have emphasized the many similarities that exist between the 2TS seen on the BM and that seen elsewhere in the cochlea ͑e.g., in the inner hair cells and the cochlear nerve; for a summary see Table I of Ruggero et al., 1992͒. In the view of the present author, however, a few issues remain unresolved.
First, there is a question concerning the suppression caused by low-frequency tones; is there a direct mechanical correlate of the neural rate suppression which is caused by below-BF tones? It is relatively simple to attribute the neural rate suppression caused by above-BF tones to its mechanical counterpart-the overall amplitudes of vibration at a particular ͑BF͒ site on the BM can be reduced substantially by above-BF suppressors ͓e.g., see Fig. 6͑d͔͒ , and so the overall responses ͑/discharge rates͒ of any neurones innervating this site should be reduced accordingly. In order to attribute the rate suppression caused by below-BF suppressors to a cochlear mechanical source, however, one would presumably have to demonstrate a similar reduction in the overall amplitudes of vibration on the BM. No such reductions were seen in the present investigation ͓see Figs. 2, 3, and 6͑a͔͒. Indeed, the direct comparisons shown in Fig. 3 indicate that most of the low-frequency mechanical suppression thresholds were between 10 and 20 dB above the iso-displacement tuning curves which corresponded to ''neural thresholds'' at the site's BF. It should be noted that these BF ''neural thresholds'' were defined by N 1 CAP amplitudes of ϳ5 V. Very few cochlear nerve fibers will have rate thresholds in excess of this criterion, and many may be ϳ20-25 dB more sensitive ͑see Johnstone et al., 1979͒ . BM iso-displacement contours evaluated at levels appropriate to match the most sensitive neural thresholds ͑at the BF͒ might therefore fall between 20 and 25 dB below the solid lines shown in Fig. 3 , or between 30 and 45 dB below the mechanical 2TS thresholds ͑at least at low frequencies͒.
The 2TS thresholds illustrated in Fig. 3 ͑typically 80-90 dB SPL below ϳ10 kHz͒ are reasonably similar to those observed in high-frequency units from the guinea pig's cochlear nerve. Both Robertson ͑1976͒ and Prijs ͑1989͒ have observed low-frequency suppression thresholds of ϳ70-80 dB SPL in cochlear nerve fibers tuned to ϳ18 kHz. The difference between these neural data and the mechanical data of Fig. 3 ͑ϳ10 dB at low frequencies͒ may easily be accounted for by methodological differences. For example, it might be caused in part by the different probe-tone frequencies that have been used ͑reports of 2TS for cochlear nerve fibers tuned to 25-30 kHz are not available in the guinea pig͒. Alternatively, it could be caused by the less-thanperfect physiological conditions of the cochleae, and the correspondingly higher-than-normal probe tone intensities that were used in the present study. As illustrated in Fig. 3 , the mechanical suppression thresholds do tend to decrease slightly with decreasing intensities of probe tone stimulation.
Given the reasonable agreement between the neural and mechanical 2TS thresholds, the only way to reconcile the excitation data of Fig. 3 with the observation of lowfrequency two-tone rate suppression in the cochlear nerve is to propose that the neural rate thresholds do not correspond to a fixed displacement of the BM. This proposal is by no means revolutionary. The concept of a ''second filter'' in the cochlea was originally proposed over two decades ago ͑see Evans, 1972͒, and is a prominent feature in several models of the cochlea ͑e.g., Zwislocki, 1986; Allen, 1989; Neely, 1994͒ . In order to account for the data of Ruggero et al. ͑1992͒ , which do show overall reductions in the BM's vibrations ͑even for below-BF suppressors͒ when the velocities of vibration are considered, it might be proposed that this filter involves only a transformation from BM displacements to BM velocities. In the present study, however, such a transformation would result in a discrepancy between the shapes of the excitation and suppression tuning curves at low frequencies. It seems that a filter which provides a fairly constant attenuation of the low-frequency mechanical excitation would be more appropriate ͑e.g., as proposed by Allen, 1989͒ . Clearly, however, more experiments ͑perhaps involving simultaneous measurements of the mechanical and neural responses in individual animals͒ will be needed to resolve the issues in question here.
A second unresolved issue relates to the time-course of the mechanical and neural 2TS phenomena. While early studies in the cochlear nerve emphasized the great speed at which 2TS takes place ͑e.g., Arthur et al., 1971͒ , several more recent reports have documented slight mismatches between the onsets and offsets of the neural excitation and suppression effects produced by a single two-tone stimulus ͑e.g., Hill and Geisler, 1992͒ . The temporal resolution of modern vibration measurement systems is more than adequate to detect such effects, if they were to exist, at the mechanical level. Nonetheless, no such effects have yet been reported at the BM level ͑no obvious mismatches were observed during the present study-see Fig. 6͒ . This might be taken as an indication of post-mechanical generation sites for the effects seen in the nerve ͑as suggested by Hill and Geisler, 1992͒ . Alternatively, it may be yet another consequence of the less-than-perfect physiological state of the cochlea in most of the mechanical experiments. Once again, only further studies ͑perhaps at both mathematical, neural and mechanical levels͒ will resolve this potential discrepancy.
One further unresolved issue concerns the phase shifts which accompany the effects of 2TS in the cochlear nerve, inner and outer hair cells, and cochlear mechanics. As described in the Introduction, there is no clear consensus on this issue even among the few mechanical studies published to date. Differences are also apparent between the effects seen in inner hair cells from different turns of the cochlea ͑Cheatham and Dallos, 1989 Dallos, , 1990 Dallos, , 1992 Dallos, , 1994 Nuttall et al., 1993 ; also see the discussion section of Ruggero et al., 1992͒ , and in inner and outer hair cells from the same turn ͑Russell and Kössl, 1992͒. To make matters worse, the only neural data which relate directly to this issue ͑Deng and Geisler, 1985͒ come from cochlear nerve fibers which innervate the apical half of the cat cochlea, a region which is inaccessible for either mechanical or hair cell recordings. Perhaps the only way to resolve the apparent discrepancies will involve further studies ͑by single investigators and/or laboratories͒ at more than one level of the system ͑e.g., as reported by Russell and Kössl, 1992; and by Nuttall and Dolan, 1993͒. In the meantime, one interpretation of the findings in the present report, namely of small phase leads which accompany the suppression of near-and above-BF responses, and small phase lags which accompany the suppression of below-BF responses, is presented in the following section.
B. 2TS and the cochlear amplifier
2TS can be considered as the effect that one tone ͑the suppressor͒ has on another ͑the probe͒ through its modulation of the gain of the ''cochlear amplifier'' ͑see Patuzzi et al., 1989͒ . The present report provides substantial evidence that this modulation is brought about in proportion to the displacements of the BM caused by the suppressor tone ͑at least for the below-BF suppressor tones͒. As far as the cochlear amplifier is concerned, there may be no difference between the displacements caused by either above-or below-BF suppressors, or even by the probe tone itself; the gain produced by this amplifier might simply decrease as the amplitude of its input increases. The phase changes produced in response to a probe tone which undergoes suppression ͑due to either above-or below-BF suppressors͒ might therefore be expected to be identical to those produced in response to an increase in the intensity of the probe tone alone ͑given that this increase is selected to reduce the sensitivity of the BM by the same amount that the 2TS does͒. Phase lags would be expected if the probe tones were placed sufficiently far below the BF, and phase leads would be expected for near-and above-BF probe tones ͑Geisler and Rhode, 1982͒. Most of the data observed in this study are quite consistent with these predictions ͑e.g., see Figs. 4 and 5͒. However, the phase changes caused by a substantial number of suppressors clearly exceeded those that could be predicted from the single tone input-output functions ͑e.g., see the 34-kHz data in Fig. 5 ; and also remember the observations of phase changes without significant amplitude change͒. A more elaborate model is clearly needed to account for these observations, but is beyond the scope of the present paper.
Further insight into the mechanism of the cochlear amplifier may be provided by the data showing the phasic BF response modulations caused by low-frequency suppressor tones ͑Fig. 7͒. The fact that the depth of these modulations ͑as well as the maximum amplitude of the response͒ decreases as the suppressor tones increase in frequency ͓e.g., Fig. 7͑a͒ , ͑d͒, and ͑g͔͒ clearly suggests that this amplifier has a finite response time ͑perhaps measured in fractions of a millisecond͒.
5 It should be clear that this response time does not involve a large group delay, however: A straight line fit to the data of Fig. 8 ͑when the phase values are plotted modulo 0.5 cycles, and frequency is plotted on a linear scale͒, for example, indicates an average suppression delay of just 40 s, and a zero-frequency intercept of ϳ0.06 cycles ͑20°͒ re: the BM's displacements ͑i.e., ϳ0.31 cycles re: the ossicular movements͒. The data of Fig. 8 hence indicate that the cochlear amplifier is ''shut down'' almost instantaneously by the phasic displacements of the BM, while those of Fig. 7 indicate that a more substantial period of time is needed for the amplifier to recover from being shut down.
It is interesting to note that in the two experiments from this study where the scala tympani displacements of the BM did not cause the maximal amounts of 2TS, the scala vestibuli displacements did ͑see GPs 110 and 150 in Fig. 8͒ . Ruggero et al. ͑1992͒ noted a similarly antiphasic result in one out of the four chinchilla cochleae that they studied. This might indicate that the cochlear amplifier is occasionally subject to unusual static biases ͑perhaps even experimentally induced ones-remember that all of the BM observations made to date have involved placing mirrors or radioactive sources on the BM͒, such that the roles of the two phases of suppression within each cycle of the low frequency bias tone ͑as shown by the long and short arrows in Fig. 7͒ become reversed.
As described in point 6 of Sec. III, the data shown in Fig. 8 of the present report contrast strongly with those reported in the chinchilla by Ruggero et al. ͑1992͒ . It cannot be discounted that this discrepancy is a result of an interspecies difference-Ruggero et al. also report that the lowfrequency suppression thresholds equate to a constant velocity of vibration ͑ϳ66 m/s at ϳ73 dB SPL͒ on the chinchilla's BM, whereas the data of the present report strongly indicate that the displacement of the BM is the most important parameter for 2TS in the guinea pig. It is also possible, however, that some of the data presented by Ruggero et al. ͑1992͒ might have been contaminated by fluid-related artifacts similar to those encountered at low frequencies in the present study ͑see Sec. I͒.
Most of the low-frequency suppression data reported by Ruggero et al. ͑1992͒ were obtained using a laser interferometric technique similar to that used in the present report. As stated in Sec. I of the present paper, this technique cannot distinguish between movements of the BM ͑in one direction͒ and movements of the overlying air/perilymph interface ͑in the other direction͒. In the chinchilla studies ͑as in many of the present guinea pig experiments͒, the depth of the fluid overlying the BM is likely to be modulated in direct proportion to the movements of the stapes ͑unless the perilymphatic meniscus is controlled by some external means, which is not the case in the Ruggero et al. study͒. The movements of the stapes, in turn, should be ϳ0.25 cycles out-of-phase with the movements of the BM at low frequencies ͑at least above ϳ150 Hz in the chinchilla; see Ruggero et al., 1990͒ . Obviously, if a correction factor ͑a lead of 0.25 cycles͒ was applied to the observed phases of low-frequency BM excitation ͑as appropriate to overcome the interferometric effects of the fluid interface movements͒, the phasic 2TS data in the chinchilla could easily be brought into agreement with the present findings in the guinea pig. The potential for such a systematic error in the data presented by Ruggero et al. is not limited to the phase domain. Amplitude measurement errors, which are obviously much more difficult 6 to correct for, may also have been introduced.
